The flavivirus nonstructural protein 5 (NS5) is a large protein that is structurally conserved among members of the genus, making it an attractive target for antiviral drug development. The protein contains a methyltransferase (MTase) domain and an RNA dependent RNA polymerase (POL) domain. Previous studies with dengue viruses have identified a genetic interaction between residues 46-49 in the aA3-motif in the MTase and residue 512 in POL. These genetic interactions are consistent with structural modelling of these domains in West Nile virus (WNV) NS5 that predict close proximity of these regions of the two domains, and potentially a functional interaction mediated via the aA3-motif. To demonstrate an interaction between the MTase and POL domains of the WNV NS5 protein, we co-expressed affinity-tagged recombinant MTase and POL proteins in human embryonic kidney cells with simian virus 40 large T antigen (HEK293T cells) and performed pulldown assays using an antibody to the flag tag on POL. Western blot analysis with an anti-MTase mAb revealed that the MTase protein was specifically coimmunoprecipitated with POL, providing the first evidence of a specific interaction between these domains. To further assess the role of the aA3 helix in this interaction, selected residues in this motif were mutated in the recombinant MTase and the effect on POL interaction determined by the pulldown assay. These mutations were also introduced into a WNV infectious clone (FLSDX) and the replication properties of these mutant viruses assessed. While none of the aA3 mutations had a significant effect on the MTase-POL association in pulldown assays, suggesting that these residues were not specific to the interaction, an E46L mutation completely abolished virus viability indicating a critical requirement of this residue in replication. Failure to generate compensatory mutations in POL to rescue replication, even after several passages of the transfection supernatant in Vero cells, precluded further conclusion of the role of this residue in the context of MTase-POL interactions.
INTRODUCTION
West Nile virus (WNV) is a member of the genus Flavivirus, family Flaviviridae, which includes medically significant viruses such as Dengue virus (DENV), Japanese encephalitis virus and Yellow fever virus. This group of viruses is responsible for over a 100 000 deaths annually (Gubler et al., 2007) . The viral genome is a single-stranded positive sense RNA molecule with a single ORF, flanked by 59-and 39-untranslated regions. The ORF is translated into a single polyprotein that is co-and post-translationally cleaved by host and viral co-factors into three structural and seven nonstructural proteins. The nonstructural protein 5 (NS5) is the largest protein encoded by the virus, consisting of the methyltransferase (MTase) domain at the N terminus and the RNA dependent RNA polymerase (POL) at the C terminus of the protein (Coia et al., 1988) . The MTase domain has been shown to be important for cap methylation (Zhou et al., 2007) . The WNV MTase contains eight a-helices and 12 b-strands that are organized into three domains: N-terminal, Core and C-terminal domains (Zhou et al., 2007) . Residues 36-51 form the aA3 helix and a short loop (termed the aA3-motif) and are thought to participate in binding of the RNA substrate since the residues are located at the edge of the RNA binding pocket. In crystallization studies of the Murray Valley encephalitis virus MTase, sufficient resolution of the end of the aA3 helix and the following loop (43-49) was only obtained when the region was substituted via crystal contacts or in the presence of a cap analogue, further indicating the role of the aA3 motif in RNA binding (Assenberg et al., 2007) . Recently, the N-terminal region of NS5 was also demonstrated to house the guanyltransferase which catalyses a two-step reaction to form the GpppN structure required for cap methylation to occur (Issur et al., 2009) . The POL domain consists of the RNA dependent RNA polymerase which is essential for virus RNA synthesis. POL has been shown to initiate de novo synthesis of positive-sense stranded RNA in the absence of a primer (Guyatt et al., 2001; Tan et al., 1996) .
Both domains of the NS5 protein present valid targets for antiviral drug design. Current literature highlights the development of effective nucleoside analogues tested in vitro that target RNA replication by inhibiting incorporation of nucleotides into the newly synthesized RNA strand (Cameron & Castro, 2001; Yin et al., 2009) or targeting the active site of the enzyme such as the S-adenosyl methionine (SAM) pocket of the MTase which is essential for methylation (Selisko et al., 2010) . It has also been suggested that targeting interactions of nonstructural proteins in the replication complex is another approach to designing specific antivirals (Loregian et al., 2002) . While the basic functions of most nonstructural proteins in the flaviviral replication complex are known, the regions where some of these proteins interact in the complex is poorly understood or researched. Knowledge of these regions will enable the specific targeting of drugs to prevent interactions. Previous studies by Malet et al. (2007) revealed that alanine substitutions at positions 46, 47 and 49 in the aA3-motif of the NS5 MTase domain in an infectious clone of DEN-2 were lethal to virus replication, but the mutant was rescued by a compensatory mutation at Leu 512 loop in the palm subdomain of the POL. This suggested that an interaction between these two regions is required for virus replication. Furthermore, the reverse genetics findings are consistent with structural modelling of the published separate crystal structures of the WNV MTase and POL domains which revealed a close proximity of the aA3-motif in the MTase to Leu 512 loop in POL (Malet et al., 2007) . However, evidence for an interaction between these domains had not been documented.
To validate this hypothesis, we expressed the domains of POL (aa 273-905) and MTase (aa 1-270) of the WNV NS5 protein separately in mammalian cells, and protein complex pulldowns were performed using the affinity tag on POL to investigate the protein-protein interaction between recombinant MTase and POL. We have demonstrated that the recombinant domains of NS5 interact when co-expressed in cells. Amino acid substitutions in the aA3-motif were also introduced into the recombinantly expressed MTase and into a WNV infectious clone to determine the requirement of these residues in domaindomain interactions and virus replication. These substitutions did not affect the interaction between the two domains when co-expressed in vitro, indicating these residues do not form part of the region of MTase responsible for binding to POL. However, an E to L substitution at position 46 of the aA3-motif was lethal, indicating a requirement of this residue for virus replication.
RESULTS

Recombinant MTase and POL interact in vitro
A putative interaction between MTase (aa 46-49) and POL (aa 512) was previously suggested for DENV NS5 based on the occurrence of a mutation that compensated the defect in replication caused by a triple mutation in the aA3-motif of MTase (Malet et al., 2007) . This finding indicated that an association between POL and MTase domains is required for flavivirus replication. Structural docking using the separate crystal structures of the MTase and POL domains showed that the aA3-motif in the MTase domain (46-49) is located in close proximity to the Leu 512 loop in the POL domain, supporting the reverse genetics findings (Malet et al., 2007) .
To demonstrate an interaction between these domains, c-myc and flag tags were fused recombinantly to the N terminus of the MTase and POL proteins, respectively (Fig. 1a) . HEK293T cells were transiently transfected with plasmids encoding the tagged MTase and POL proteins and the cells were either lysed 24 h post-transfection or immuno-stained using protein specific antibodies. Immunofluorescence microscopy assessment of cells cotransfected with the plasmids encoding MTase and POL at 640 revealed the successful expression of both proteins as evidenced by the binding of MTase-and POL-specific antibodies (mAbs 5H1 and 3H6, respectively) (Fig. 1b) . Microscopic assessment of co-transfected HEK293T cells at 6100 magnification also indicated that the recombinant MTase and POL co-localized in the cytoplasm of these cells. Western blot analysis further confirmed that MTase and POL recombinant constructs were successfully expressed and clearly detected (Fig. 2a) .
The interaction between recombinant MTase and POL was then assessed using pulldown assays with anti-flag antibodies bound to Protein G beads. Analysis of samples from cells containing both recombinant MTase and POL proteins in anti-flag-POL pulldowns using immunoblotting with antic-myc antibody revealed an intense band corresponding to the correct molecular size of c-myc-tagged MTase (Fig. 2b) . While similarly sized bands were also detected in the negative control samples [pulldown following co-expression of MTase with flag-tagged-pst-pip (PIP), a control cellular protein or MTase only], the intensities of these bands were considerably weaker than the sample containing recombinant MTase and POL proteins, and quantification by densitometry confirmed this (Fig. 2c) . To further confirm MTase-POL interactions, the reciprocal pulldown using anti-c-myc antibody from cells co-transfected with c-mycMTase-and flag-POL-expressing plasmids was also performed. Western blot analysis of precipitated proteins using anti-flag antibody detected a band of expected molecular size for flag-POL protein (Fig. 2d ) thus confirming specific interaction between the MTase and POL proteins in co-transfected cells.
Native full-length NS5 is pulled down together with recombinant MTase and POL complex
To further confirm the interaction between the MTase and POL domains in the context of the full-length NS5 protein, a DNA-based WNV replicon vector expressing part of the E gene and all the nonstructural proteins (designated pKUNrep2) (Varnavski et al., 2000) was cotransfected together with constructs encoding the MTase and flag-POL domains into HEK293T cells. The lysates were subjected to anti-flag pulldown assays before immunoblotting using protein specific antibodies. In Western blots of flag-POL pulldown, probed with antiMTase mAb, bands of approximately 100 kDa and 35 kDa corresponding to full-length NS5 and recombinant MTase, respectively, were detected in cells co-transfected with POL, MTase and pKUNrep2 (Fig. 3) while the 100 kDa band was not observed in pulldown samples from cells that were cotransfected with pKUNrep2 and a control cellular protein PIP, or from cells not co-transfected with pKUNrep2. This suggested that an interaction had occurred between fulllength NS5 and at least one of the domains, further supporting the proposition that the domains of NS5 interact.
Effect of mutations in aA3-motif in MTase on its recognition by mAbs and interaction with the POL domain With strong evidence suggesting an interaction between MTase and POL domains, the importance of the residues in the aA3-motif for MTase-POL interaction and virus replication was assessed. The rationale behind the introduction of single, double and triple mutations at residue positions 42, 46, 47 and 49 (Fig. 4) in the MTase protein was firstly to confirm findings previously reported for DENV, where substitutions at the corresponding residues abolished replication (Malet et al., 2007) . Secondly, structural modelling of the MTase domain predicted surface exposed residues which were more likely to partake in protein-protein interactions. Residue 42 (in brown) was substituted from a histidine to a more hydrophobic phenylalanine. Residue 46 (in orange) was substituted from a glutamic acid to either a leucine or an alanine to remove surface charges on the protein while residue 47 (in blue) was replaced from an arginine to an alanine also to remove surface charge. All residues substituted to alanine An interaction between the WNV NS5 MTase-POL were carried out to remove surface charges on the protein, and thus prevent any possible interaction of the residue in question with POL. Residue 49 (in green) was substituted from an isoleucine to an alanine. The combined substitution of residues 46, 47 and 49 to alanine were shown previously to affect DENV virus replication (Malet et al., 2007) (Fig. 4 ).
HEK293T cells were transfected with the mutant constructs and cell lysates were obtained. The expressed MTase proteins were assessed for binding by anti-c-myc and anti-aA3-motif (mAb 5H1) antibodies by Western blot analysis. While all mutant MTase proteins bound equally to the anti-c-myc antibody (Fig. 5a , b), mAb 5H1 binding was shown to be partially abolished when an alanine was introduced into position 49 (I49A) or completely abolished when introduced with a double mutant (R47A/I49A) or triple mutant (E/46A/R47A/I49A) (Fig. 5c, d ). These data supported our previous findings showing that a WNV aA3-peptide containing substitutions at positions 47 and 49 displayed reduced binding affinity for mAb 5H1, further defining the importance of these two residues in the binding site of mAb 5H1 (Hall et al., 2009) .
After verifying that all MTase mutant constructs expressed an MTase molecule, the effect of these mutations on MTase interaction with POL was investigated. Pulldown of the POL and MTase complex with anti-flag antibodies bound to Protein G beads showed that the mutations in the MTase did not have any effect on the interactions between POL and MTase as no notable change in band intensity between samples with mutant MTase proteins and WT MTase protein was observed (Fig. 5e, f) . These data implied that the residues targeted for substitution were not important for domain association between MTase and POL.
Effect of mutations in aA3-motif of MTase on virus replication
The single residue substitutions were also introduced into the infectious clone of WNV and analysed for their effect on the replication ability of mutant viruses. To evaluate the replication properties of these viruses, BHK-21 cells were infected at an m.o.i. of 0.1 and culture fluids from virus infected cells were harvested at various time points. A comparison between the growth kinetics of WT and the single mutants suggested that substitutions H42F, E46A or I49A did not have a significant impact on virus replication as all these mutants exhibited similar growth properties (where P.0.05 using two-tailed unpaired t-test) (Fig. 6a) . The R47A substitution led to delayed replication early in infection, while E46L mutation completely abolished virus replication. No viable virus was recovered after five passages of the culture fluids from the E46L mutant RNA-transfected BHK cells onto Vero cells (Fig. 6c) .
Next, viruses with double and triple mutations were generated to determine if multiple amino substitutions in the aA3-motif would cause an effect on the interaction between MTase and POL or on virus replication as previously shown for DENV (Malet et al., 2007) . It was hypothesized that since the residues in WNV MTase aA3-motif are similarly exposed on the surface of the protein molecule when compared to DENV, the double or triple An interaction between the WNV NS5 MTase-POL mutations could potentially affect viral replication by interfering with the interaction between the two domains of NS5.
Growth kinetics in BHK-21 cells was performed in parallel to assess the effect of double and triple mutations on the replication efficiency of the virus. Although the structure of the aA3-motif was shown to be conserved between DENV and WNV, the double and triple alanine mutations had no effect on viral fitness of the latter as all mutant viruses grew to similar titres compared to WT and possessed similar plaque morphology on BHK-21 cells (where P.0.05; unpaired t-test) (Fig. 6b, c) . Mutant viruses used in the growth kinetics experiments were further validated by sequencing viral RNA extracted from culture fluids at 72 h. This confirmed that the aA3-motif mutations had been retained by the virus and no reversions to WT phenotype had occurred. Furthermore, no compensatory mutations that would lead to amino acid substitution in other regions of NS5 were detected. Sequencing of the entire viral genome confirmed this.
DISCUSSION
Several studies have provided support for the hypothesis that interactions between domains of NS5 are important for virus replication (Malet et al., 2007) . The authors demonstrated that a triple mutation in the aA3-motif region of the MTase led to a compensatory mutation in POL which rescued virus replication while molecular modelling of the separate crystal structures of the NS5 domains revealed that these regions are in close proximity to each other (Malet et al., 2007) . These data provided some insights to the residues critical for interactions and viral replication, however, evidence demonstrating that these domains interact when co-expressed in mammalian cells was absent to date.
In this paper, we aimed to demonstrate an interaction between the MTase and POL domains of NS5 using coexpression in mammalian cells with an emphasis on the regions of the MTase proposed to be important for this interaction, particularly on the aA3-motif of the MTase.
Tag-specific recombinant MTase and POL proteins were generated for the detection of an interaction between these domains when expressed in the same cell. It was demonstrated that individual MTase and POL domain proteins were successfully expressed in mammalian cells and anti-flag pulldowns showed that the two domains specifically interacted when co-expressed. This is the first study to show an interaction between the MTase and POL domains of NS5. These data are consistent with genetic and structural evidence previously reported which suggested an interplay between these domains (Malet et al., 2007) . The interaction demonstrated here between MTase and POL domains is also in line with published data on small angle X-ray scattering (SAXS) of purified full-length DENV NS5 protein expressed in bacteria. DENV NS5 was shown to present itself in multiple conformations in solution, ranging from compact to more extended forms due to proposed weak interactions between the MTase and POL domains (Bussetta & Choi, 2012; Malet et al., 2007) .
Surface exposed residues have been shown to be critical for the interaction between proteins (Gruber et al., 2007) . To further identify contact sites between the NS5 domains, single, double and triple mutants were generated in the aA3-motif region of the recombinant MTase and assessed for the importance of these residues in the interaction with recombinant POL. Although the amino acid sequence between DENV and WNV in the aA3-motif is not entirely conserved, a comparison between the WNV and DENV MTase crystal structures showed that the selected residues (42, 46, 47 and 49) in this motif have similar helix folds and are surface exposed. The structural modelling suggested that substitution of these residues could impede virus replication in a similar manner to that reported for DENV (Malet et al., 2007) . However, none of the MTase mutants showed significant reduction in binding efficiency to POL compared to the WT MTase, suggesting that these residues are not important for the interactions between these two domains.
The effect of substitutions in the aA3-motif was also assessed in relation to virus replication. Growth kinetics experiments revealed that the WT and the majority of the aA3-motif mutants exhibited similar replication efficiencies, suggesting that most of the residues targeted on the aA3-motif were not important for virus replication. However, the E46L substitution was shown to completely abolish virus replication with no virus recovered even after five repeated passages in cell culture.
While modelling of residue 46 in the aA3-motif of WNV MTase proposes that it binds to a groove in POL (Fig. 7) , the E46L as well as the E46A substitutions in the recombinant MTase did not result in a detectable reduction in the interaction between the MTase and POL in the co-expression and anti-flag pulldown assay. These data do not support the hypothesis that an E46L substitution in the infectious clone abolished replication by reducing the An interaction between the WNV NS5 MTase-POL MTase-POL interaction. It is interesting to note that while E46L amino substitution abolished virus replication, the E46A substitution did not affect virus viability. The differences in the side chains of the amino acids could possibly contribute to the variation in virus replication, however, this needs to be further investigated.
Since most mutations in the aA3-motif did not affect the domain-domain interaction nor alter virus replication, the data strongly indicates that interactions between the two domains could have occurred in other regions of the proteins. Full-length native NS5 was shown to be successfully pulled down by anti-flag antibodies on POL together with both POL and MTase. It is possible that an association between both domains is not restricted to the aA3-motif as there could be more than one contact site on either domain. In a previous study with WNV, a substitution at residue 146 of the MTase resulted in compensatory substitutions in the MTase and POL of NS5 and mutations in the 59 stem-loop of the viral RNA (Zhang et al., 2008) . Of particular interest was the compensatory substitution in POL (W751R), which enhanced polymerase activity (Zhang et al., 2008) .
The demonstration of an interaction in pulldowns in this paper, in addition to the previous data from reverse genetic experiments and the structural docking of the MTase and POL domains (Malet et al., 2007) provide substantial evidence of the association between MTase and POL domains of NS5. However, mutagenesis of selected residues in the aA3-motif did not significantly impact on this interaction suggesting that these residues are unlikely to be involved in these interactions. However, the intriguing result with E46L mutation completely abolishing virus replication clearly warrants further investigation. In summary, we have shown by co-localization in immunofluorescence analysis and by co-immunoprecipitation with antibodies to a tag on POL domain that the MTase and POL domains of NS5 interact with each other. We have also identified by mutagenesis of a WNV infectious clone that residue 46 in NS5 is essential for virus replication.
METHODS
Cell culture. Human embryonic kidney cells with simian virus 40 (SV40) large T antigen (HEK293T) were cultured in Dulbecco's modified Eagle's medium (DMEM) with 10 % FBS, 100 units penicillin ml 21 , 100 mg streptomycin ml 21 , 0.29 mg L-glutamine ml 21 (Gibco) and 1 mM sodium pyruvate in 5 % CO 2 at 37 uC. Baby Hamster Kidney (BHK-21) cells were maintained as for HEK293T cells except that 5 % FBS was used.
Virus infection for growth kinetics. Virus inoculum was added to BHK-21 cells grown to 75 % confluency. Cells were infected for 2 h before viral inocula were removed and fresh medium added. Infected cell culture fluids were harvested at specific time points.
Antibodies. mAbs in hybridoma cell culture fluid 5H1 (specific for the aA3-motif in the MTase domain of the WNV NS5 protein and used at 1 : 2 dilution) and mAb 3H6 (specific for the WNV NS5 POL domain used at 1: 2 dilution) have been described previously (Hall et al., 2009) . The anti-flag antibody (Sigma Aldrich) was used at 1 : 1000 dilution in Western blot analyses and 1 : 200 dilution in pulldown assays. The anti-c-myc antibody as hybridoma cell culture Full-length MTase (1-270 aa) and POL (273-905 aa) amplicons were PCR amplified from the FLSDX (Khromykh et al., 1998) using primer pairs P1-P4 (Table S1 , available in JGV Online) as described. Amplicons were digested with restriction enzymes (RE) NheI and BamHI and ligated into the linearized NheI-BamHI-digested pcDNA3.1 vector. Ligated products were transformed into Escherichia coli DH5a cells and cultured onto Luria-Bertani agar (LB) plates supplemented with 100 mg ampicillin ml 21 for 18 h. Bacterial colonies were screened by colony PCR.
Mutant constructs were obtained with primers (P5-P9) while the R47A/I49A double mutant was constructed with primer pair P10 (Table S1 ) using pcDNA 3.1 N-c-myc MTase I49A as the template. The E46A/R47A/I49A triple mutant construct was obtained from pcDNA 3.1 N-c-myc MTase R47A/I49A with primer pair P11. All mutations were performed using QuikChange site-directed mutagenesis as per manufacturer's instructions (Stratagene). Template DNA was subsequently digested with DpnI and transformed into E. coli DH5a bacterial cells. Cells were cultured onto LB plates with 100 mg ampicillin ml 21 for 18 h. Bacterial colonies were screened using colony PCR. Plasmid DNA was purified from single colonies and verified by DNA sequencing using T7 and BGH primers.
Plasmid construction for single, double and triple alanine mutations in MTase region for WNV infectious clone. To engineer single, double and triple mutations (Table 1) into the FLSDX infectious clone, the vector pBluescript II KS (pBS) was used as a subclone to allow easy modification of nucleotide sequences. EcorV and SalI sites were used to excise the region encoding NS3, NS4A/B and part of NS5 from FLSDX. The NS3-5 fragment was inserted into the pBS II vector to generate subclone pBS-NS3/5.
Constructs with a single mutation within the aA3-motif nucleotide sequence were obtained with primers (P5-P9), while the R47A/I49A double mutant was constructed with primer pair P10 (Table S1 ) using plasmid pBS-I49A as the template. The E46A/R47A/I49A triple mutant construct (Table 1) was obtained from plasmid pBS-DB using primer pair P11. All mutations were performed using QuikChange site-directed mutagenesis as per the manufacturer's instructions (Stratagene). Subsequently, the pBS-NS3/5 plasmids encoding all mutations were digested with EcorV and SalI and the released mutated NS3-5 fragment ligated back into the FLSDX infectious clone. E. coli DH5a bacterial cells were transformed with ligation mixtures as above. All constructs were verified by sequencing across the EcorV and SalI RE sites.
Transfection. HEK293T cells were transiently transfected with 1 mg plasmid DNA per well of a six-well plate using Lipofectamine 2000 (Invitrogen) for 24 h before lysis in 1 % NP-40 buffer (50 mM Tris, pH 7.4, 250 mM NaCl, 5 mM EDTA, 50 mM NaF, 1 mM Na 3 VO 4 , 1 % Nonidet P40 and 0.02 % NaN 3 ). Phenylmethylsulfonyl fluoride (PMSF) was added to a final concentration of 1 mM. Lysis was performed on ice for 30 min before centrifugation at 13 000 g at 4 uC for 10 min to remove the nuclear fraction. The cytoplasmic fraction (supernatant) was then transferred to a clean tube and stored at 280 uC. The plasmid, pcDNA3.1 encoding Pst-pip (PIP), was a gift from Dr Parimala Vajjhala, School of Chemistry and Molecular Biosciences, University of Queensland.
Pulldowns. Immunoprecipitation was performed as per the manufacturer's instructions with some modifications. Briefly, the Protein G Dynabeads (Invitrogen) were resuspended thoroughly to obtain a homogeneous suspension. The suspension was placed onto the magnet holder to separate beads from the storage solution. One microgram of anti-flag antibody (Sigma Aldrich) diluted in PBS with 0.02 % Tween20 was added to the beads after removing the storage solution and incubated at room temperature for 1 h. A PBS wash was performed after incubation and approximately 300 ml of clarified lysate was added to each tube with the antibody bound to Dynabeads. The interaction between lysate proteins and antibodies was allowed to occur overnight at 4 uC with gentle rotation, after which, the complexes were washed three times with 200 ml of PBS and resuspended in 20 ml of reducing SDS-PAGE loading buffer with 200 mM dithiothreitol (DTT). The suspension was then boiled for 10 min and beads removed after boiling using the magnet before resolving the proteins on a 4-12 % Bistris PAGE gel and transferred to a nitrocellulose membrane (Hybond C; GE Amersham) for Western blot analysis. Bands were detected by appropriate antibodies and visualized by enzymic reaction using 3,3'-diaminobenzidine tetrahydrochloride (DAB). Band intensities were quantified using ImageJ.
RNA transcription, electroporation and virus recovery. Plasmid DNA was linearized with XhoI. WT and mutant viral RNA was transcribed according to the manufacturer's protocol using Sp6 RNA polymerase (Roche). Trypsinized BHK-21 cells were resuspended in diethylpyrocarbonate (DEPC)-treated PBS at 1610 6 cells ml 21 in DMEM containing 2 % FBS. The cell suspension of approximately 400 ml was mixed with transcribed viral RNA and electroporated (Schuessler et al., 2012) . After electroporation, cells were left to recover on ice for 2 min before seeding into T75 flasks. Culture fluids were harvested 3-5 days post-electroporation.
Growth kinetics of WT and mutant viruses. BHK-21 cells in 24-well plates were infected at an m.o.i. of 0.1 for 2 h, washed three times with PBS before supplementing with DMEM in 5 % FBS. Cell culture supernatants were harvested at the indicated time points (Fig. 6 ) and viral titre was determined by plaque assay on BHK-21 cells (Pijlman et al., 2008) . Briefly, plaque assays were performed by infecting BHK-21 cells with ten-fold serial dilutions of virus prepared in DMEM supplemented with 2 % FBS. The cells were infected for 2 h at 37 uC before being overlaid with 0.75 % low-melting-point (LMP) agarose in DMEM containing 2 % FBS, fixed with 4 % formaldehyde 3 days postinfection and stained with 0.2 % crystal violet to visualize the plaques.
Immunofluorescence assay. Cells were seeded onto glass coverslips in a 24-well tissue culture plate at a density of 4610 5 cells per well, and grown to 90 % confluency in DMEM containing 10 % FBS without antibiotics. Cells were transiently transfected with 1 mg of MTase or POL plasmid using Lipofectamine 2000 (Invitrogen) and incubated at 37 uC for 24 h. Cells were then washed twice with PBS and fixed for 3 s in 100 % acetone. Coverslips were firstly immunostained with anti-POL antibodies (mAb 3H6) prior to addition of Texas Red goat anti-mouse which was used as a secondary antibody and DAPI which was used to stain the nuclei of cells. Anti-MTase labelled with Alexa Fluor 488 antibodies (mAb 5H1) was added after incubation with the secondary antibody to prevent binding of the anti-murine to the conjugated anti-MTase mAb. Incubations were performed for 1 h at room temperature and washing with PBS was performed after each incubation. After secondary antibody application, coverslips were washed once and mounted in prolong gold anti fade (Invitrogen). Images were captured on a Zeiss confocal microscope at 640 magnification.
Fluorescent labelling of anti-MTase (mAb 5H1). Murine antiMTase (mAb 5H1) was labelled using Zenon Alexa Fluor 488 IgG 1 labelling kit (Invitrogen). Briefly, 1 mg antibody was diluted in PBS followed by the addition of 5 ml Zenon mouse IgG labelling reagent to the antibody solution. The mixture was incubated at room temperature for 5 min before adding 5 ml of the Zenon blocking reagent mixture. This mixture was further incubated for 5 min at room temperature and added directly to coverslips.
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